of connexin 43 in vascular hyperpermeability and relationship to Rock1-MLC20 pathway in septic rats. Am J Physiol Lung Cell Mol Physiol 309: L1323-L1332, 2015. First published September 4, 2015 doi:10.1152/ajplung.00016.201543 has been shown to participate in several cardiovascular diseases. Increased vascular permeability is a common and severe complication in sepsis or septic shock. Whether or not Cx43 takes part in the regulation of vascular permeability in severe sepsis is not known, and the underlying mechanism has not been described. With cecal ligation and puncture-induced sepsis in rats and lipopolysaccharide (LPS)-treated vascular endothelial cells (VECs) from pulmonary veins, the role of Cx43 in increased vascular permeability and its relationship to the RhoA/Rock1 pathway were studied. It was shown that vascular permeability in the lungs, kidneys, and mesentery in sepsis rats and LPS-stimulated monolayer pulmonary vein VECs was significantly increased and positively correlated with the increased expression of Cx43 and Rock1 in these organs and cultured pulmonary vein VECs. The connexin inhibitor carbenoxolone (10 mg/kg iv) and the Rock1 inhibitor Y-27632 (2 mg/kg iv) alleviated the vascular leakage of lung, mesentery, and kidney in sepsis rats. Overexpressed Cx43 increased the phosphorylation of 20-kDa myosin light chain (MLC 20) and the expression of Rock1 and increased the vascular permeability and decreased the transendothelial electrical resistance of pulmonary vein VECs. Cx43 RNA interference decreased the phosphorylation of MLC20 and the expression of Rock1 and decreased LPS-stimulated hyperpermeability of cultured pulmonary vein VECs. The Rock1 inhibitor Y-27632 alleviated LPS-and overexpressed Cx43-induced hyperpermeability of monolayer pulmonary vein VECs. This report shows that Cx43 participates in the regulation of vascular permeability in sepsis and that the mechanism is related to the Rock1-MLC20 phosphorylation pathway. connexin 43; vascular permeability; sepsis; RhoA/Rock1 pathway; MLC 20
SEPSIS AND SEPTIC SHOCK are common complications of trauma, burns, and severe infections with Gram-negative bacteria. The mortality of severe sepsis is 30 -45% (10, 57) . Moreover, it has been reported that the 28-day mortality in patients with severe sepsis is 52-60% (16) . The pathogenesis of sepsis, however, is not fully understood.
Vascular hyperpermeability (VHP) is the major pathophysiological feature and process involved in sepsis and septic shock. VHP may lead to efflux of the circulatory volume and leakage of blood constituents and induces acute lung injury, acute respiratory distress syndrome, and multiple organ dysfunction syndrome (MODS) . It has been demonstrated that VHP occurs in many tissues and luminal organs, such as the thoracic cavity, peritoneal cavity, and blood vessels, after severe sepsis and septic shock (51) .
The mechanisms responsible for VHP are thought to occur via two main pathways, including trans-and paracellular pathways. The transcellular pathway is involved in pinocytosis of vesicular-vacuolar organelles (VVOs) and formation of transendothelial pores, such as fenestrae in cell membranes. The paracellular pathway is related to the gap formation between neighboring cells and is involved in the dysfunction of tight and adhesion junctions (19, 25, 27, 39, 53) . These processes are regulated by cytokines and inflammatory mediators, such as vascular endothelial growth factor (VEGF), nitric oxide (NO), tumor necrosis factor (TNF)-␣, and oxidants (26) , that are in turn involved in many signaling pathways, including Ca 2ϩ /calmodulin-myosin light chain kinase (MLCK), protein kinase C (PKC)-␣-myosin light chain phosphatase (MLCP), RhoA-Rock, and so on; the RhoA-Rock and PKC pathways are considered to be the main pathways (7, 13, 25, 45) . The 20-kDa myosin light chain (MLC 20 ) is the most common downstream target of these signaling pathways.
Some measures have been shown to be beneficial for sepsis and sepsis-induced VHP. Recombinant human activated protein C (APC), an anti-inflammatory agent, benefits severe sepsis patients via rearrangement of actin-phosphomyosin light chain (20) . Ulinastatin (UTI), another inhibitor of inflammation, inhibits the production of TNF-␣ and interleukin-6 (IL-6) by suppressing toll-like receptor 4 (TLR4) and the downstream signal pathway (14, 28, 48, 50) . Such therapies, including APC and UTI, fail to decrease the morbidity and mortality associated with sepsis, likely because the pathogenesis of sepsis is not completely understood. Hence, further understanding of the pathogenesis underlying sepsis is important in the search for new therapeutic targets.
Connexin (Cx) is a type of membrane protein. Six Cxs are polymerized to form a connexon. Two connexons from neighboring cells couple to form a gap junction, which mediates the communication between cells. There are 20 Cx isoforms in humans and 21 Cx isoforms in rats (9, 24, 58a) . Cx43 is the main isoform in vascular endothelial cells (VECs). It has been shown that Cx43 participates in the regulation of vascular diseases such as atherosclerosis, hypotension, and bradycardia (33) . Downregulating the expression of Cx43 can cause abnormal vascular function (38) . We previously showed (66) that Cx43 takes part in the regulation of vascular contractile responses after shock; however, whether or not Cx43 participates in the regulation of vascular permeability after sepsis/septic shock is unknown, and the underlying mechanism has not been described. It is important to elucidate this issue to further understand the mechanism underlying sepsis and VHP and to facilitate the search for new therapeutic targets.
The Rock-MLC 20 pathway plays a very important role in the contraction and migration of cells (37a). Aslam et al. (6) reported that activation of the RhoA/Rock pathway by thrombin induces VHP. We previously showed (32, 66) that the regulation of vascular reactivity by Cx43 is related to the RhoA/Rock-MLC 20 pathway after shock. Hence, we hypothesized that Cx43 may participate in the regulation of vascular permeability and that the mechanism may be closely related to the Rock-MLC 20 pathway. To test this hypothesis, the role of Cx43 in VHP and its relationship to the Rock1-MLC 20 pathway were investigated with cecal ligation and puncture (CLP)-induced sepsis in rats and lipopolysaccharide (LPS)-treated pulmonary vein VECs (PVECs).
MATERIALS AND METHODS

Ethical Approval
The present study was approved by the Research Council and Animal Care and Use Committee of the Research Institute of Surgery, Daping Hospital, Third Military Medical University; the approval number for this study was DHEC-2012-009. Animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals issued by the National Institutes of Health (8th ed., 2011).
Sepsis Rat Model
Male and female Sprague-Dawley (SD) rats (220 -240 g) were anesthetized with pentobarbital sodium (initial dose 30 mg/kg ip), which was added until rats had no response to a needle stimulus. The total amount of pentobarbital sodium was Յ50 mg/kg. Anesthetized rats were placed on a warming plate to maintain the body temperature at 37°C. Aseptic methods were used for all surgical procedures.
Right femoral arteries and veins were catheterized with polyethylene catheters (outer diameter 0.965 mm, inner diameter 0.58 mm) to monitor mean arterial blood pressure and drug administration, respectively. A laparotomy was then performed, and the cecum was exposed, ligated, and punctured 1 cm from the distal end (0.3-cm width opening) with a triangular needle. The abdomen was closed, and experiments were performed 1, 2, 4, 6, and 8 h after CLP. Thirty minutes before each time point, a bolus of fluorescein isothiocyanate (FITC)-labeled bovine serum albumin (BSA; 3 mg/kg iv) was administrated via a venous catheter. Before FITC-BSA was administered, a blood sample was obtained for determination of TNF-␣ and IL-l␤ concentrations, as an indicator of the CLP-induced sepsis state, with an ELISA method. At each time point, the rats were killed with an overdose of pentobarbital sodium (100 mg/kg iv) and the vascular permeability and expression of Cx43 and Rock1 of lung, mesentery, and kidney were determined.
To observe the effects of Cx and Rho kinase inhibitor on vascular permeability in sepsis rats, after completion of CLP a bolus of the Cx inhibitor carbenoxolone (10 mg/kg) and the Rock1 inhibitor Y-27632 (2 mg/kg) dissolved in 1 ml of normal saline was administered via the right femoral vein catheter. Eight hours later, the vascular permeability of lung, mesentery, and kidney was observed.
Measurement of Vascular Permeability After Sepsis in Rats
At 1, 2, 4, 6, and 8 h after CLP and 30 min after administration of FITC-labeled BSA, rats were killed with an overdose of pentobarbital sodium (100 mg/kg iv) and a laparotomy was performed for the measurement of vascular permeability in the mesentery, lungs, and kidneys. To measure the mesenteric permeability, the peritoneal cavity was douched with 5 ml of 0.9% physiological NaCl solution and the fluid was collected and centrifuged at 4,000 g at 4°C for 5 min. The fluorescence intensity in the supernatant was determined (F-4500 fluorescence spectrophotometer; Hitachi, Tokyo, Japan) and reflected the vascular permeability of the mesenteric vessels. To measure the vascular permeability of lung and kidney, a polyethylene catheter was placed into the inferior vena cava (the superior vena cava was ligated) and left renal artery, respectively. The lungs and kidney were lavaged with 0.9% NaCl solution through the catheter. When the blood had been completely flushed out, the left lobe of the lung and the left kidney were removed, weighed, homogenized, and centrifuged; the supernatants were used for measurement of fluorescence intensity, which reflected the pulmonary and renal vascular permeability, respectively.
Cultivation of VECs from Pulmonary Veins
According to the references and our modification, the method to isolate and culture PVECs includes the following steps (59): 1) Normal SD rats (220 -240 g) were anesthetized and catheterized as described above. Heparin sodium (400 U ip) was administered. After 30 min, the thoracic cavity was opened and the heart was removed. 2) Pulmonary veins were obtained and washed six times with phosphatebuffered saline (PBS) in culture dishes; then they were cut into 1 mm ϫ 1 mm pieces, which were pasted into cell culture bottles (Corning, Corning, NY) and cultured in DMEM-F-12 (GIBCO) containing 10% fetal bovine serum (FBS) (Hyclone; Thermo Scientific), 1% streptomycin, and 1% penicillin for 72 h. To diminish pollution by fibroblasts, 100 U of heparin and 10 ng/ml VEGF (Sigma-Aldrich, St. Louis, MO) were added to the culture medium to stimulate PVEC overgrowth, and differential digestion was used to displace pulmonary VECs from the bottle wall prior to the growth of fibroblasts. The second passage of VECs was used for transfection of Cx43 RNA interference (RNAi) and overexpressed Cx43 lentivirus (56a). The third passage of VECs was used for other experiments. Prior to experiments, the cultured VECs were identified with FITC-labeled factor VIII antibody and zonula occludens-1 (ZO-1) antibody and the purity of VECs was measured with a fluorescence microscope.
Transfection of Cx43 RNAi and Overexpressed Cx43 Lentivirus to VECs
The second passage of PVECs was used to transfect with Cx43 RNAi and overexpressed Cx43 lentivirus according to the operating manual. Briefly, PVECs (1 ϫ 10 5 ) were inoculated in the culture bottle in DMEM-F-12 containing 10% FBS without antibiotics and cultured for 24 h. The culture medium was then replaced with a 1-ml transfection system and incubated for 12 h. The transfection system contained 700 l of culture medium without antibiotics, 100 l of Polybrene solution (0.1 mg/ml), and 200 l of Cx43 RNAi lentivirus particles (1 ϫ 10 7 ) for the Cx43 RNAi group, 200 l of overexpressed Cx43 lentivirus particles (1 ϫ 10 7 ) for the Cx43 overexpressed group, 200 l of nonspecific RNAi (RNAi without specific sequence targeting Cx43) lentivirus particles (1 ϫ 10 7 ) for the RNAi control group, and 200 l of vehicle lentivirus particles (1 ϫ 10 7 ) for the vehicle control group. The transfection system was then replaced by culture medium without antibiotics, and the transfected VECs were further cultured for 48 h for designated experiments.
Measurement of Permeability in Monolayer Pulmonary Vein VECs
Infiltration rate of FITC-labeled BSA in monolayer pulmonary vein VECs. Normal or transfected VECs (1 ϫ 10 5 ) were inoculated on Transwell chambers and treated with or without LPS (1 g/ml) for different times (1, 2, 4, 6, and 8 h) after the cells grew to confluence. Forty-five microliters of FITC-labeled BSA (4 mg/ml) was added to the upper compartment of the Transwell chamber. Ninety microliters of solution was removed from the lower compartment at 5 min, 15 min, 30 min, 45 min, and 60 min after FITC-labeled BSA was added and used for the measurement of fluorescence intensity. An equal volume of the culture medium was added to the lower compartment after removal of solution. The formula for the infiltration rate of FITC-labeled BSA from the upper to the lower compartment was as follows: infiltration rate of FITC-labeled BSA (%) ϭ [(X 1 ϩ X2 ϩ . . . ϩ Xn)/total fluorescence intensity added] ϫ 100%, where X1 is the first value at 5 min, X2 is the second value at 15 min, and Xn is the nth value. The infiltration rate of FITC-labeled BSA was used to represent the permeability of monolayer PVECs.
Transendothelial electrical resistance measurement. Transendothelial electrical resistance (TER) of pulmonary vein monolayer VECs in Transwell chambers was determined with EVOM 2 (3). Briefly, a small electrode was connected to the upper culture medium and a larger electrode to the lower culture medium. TER values were dynamically recorded every 5 min. The TER values were normalized by normal TER (normal PVEC) (45) .
Immunofluorescence
Endothelial monolayers were subjected to immunofluorescence staining as described previously (52a). Briefly, PVECs were grown to confluence on glass coverslips, subjected to appropriate treatment, fixed in 4% formaldehyde (20 min, room temp), permeabilized with 0.25% Triton X-100 in PBS (30 min, room temp), blocked in 3% BSA in TBS-T (30 min, room temp), probed with appropriate primary and secondary antibodies conjugated with Alexa 546 (Invitrogen) for 1 h at 25°C, and finally mounted on slides. Slides were analyzed with a laser confocal scanning microscope (Leica).
Immunoblotting
After CLP or stimulation, tissues and cells were lysed and protein extracts were separated by SDS-PAGE and then transferred to PVDF membrane and probed with specific antibodies. The band intensities were quantified by Odyssey CLx (LI-COR) and the densitometry was determined by Quantity One software (Bio-Rad).
Compounds and Antibodies
Rat-specific Cx43 and ZO-1 antibody, Y-27632, FITC-labeled BSA, and LPS (Escherichia coli 0111:B4) were purchased from Sigma-Aldrich. Primers for Cx43, Rock1, and actin were purchased from GeneCopoeia (Rockville, MD). Enzastaurin (LY317615) was purchased from Selleck (Houston, TX). Antibodies against Rock1 were obtained from Abcam (Cambridge, UK). FITC-labeled factor VIII antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cx43 RNAi and overexpressed Cx43 lentivirus were purchased from Genechem. Alexa Fluor 488 phalloidin was purchased from Invitrogen.
Statistical Analyses
Data are means Ϯ SD. Differences between experimental groups were analyzed by one-or two-way analysis of variance and post hoc Tukey test. P Ͻ 0.05 was considered significant.
RESULTS
Changes in Blood Levels of TNF-␣ and IL-6 After CLP in Rats
The concentrations of TNF-␣ and IL-6 in blood were significantly increased after CLP in rats. Compared with the sham-operated group, the blood concentrations of TNF-␣ and IL-6 were correspondingly increased by 509% and 901% in the CLP-4 h group and by 804% and 1,608% in the CLP-8 h group, respectively (Fig. 1) . The results suggest that CLP induced severe sepsis in rats.
Relationship Between Cx43 and Rock1 Expression and Vascular Permeability of Lungs, Kidneys, and Mesentery After Sepsis in Rats
To establish the link of the role of Cx43 and Rock1 with VHP after sepsis, we observed the correlation of the changes of vascular permeability and the expression of Cx43 and Rock1 in the lungs, kidneys, and mesentery of CLP-induced sepsis rats and the roles of the connexin inhibitor carbenoxolone and the Rock1 inhibitor Y-27632. The results showed that vascular permeability and Cx43 and Rock 1 expression in the lungs, mesentery, and kidneys were significantly increased after CLP in a time-dependent manner (Fig. 2, A, D, and G) . The changes in expression of Cx43 and Rock1 in the lungs, mesentery, and kidneys were positively associated with the changes in vascular permeability. The correlation coefficients for Cx43 and vascular permeability in the lungs, mesentery, and kidneys were 0.952, 0.9919, and 0.924 (P Ͻ 0.05), respectively. The correlation coefficients for Rock 1 and vascular permeability were 0.9412, 0.9288, and 0,9885, respectively (Fig. 2, B, C, E, F, H, and I) . Carbenoxolone (10 mg/kg iv) and Y-27632 (2 mg/kg iv) significantly inhibited the increase of vascular permeability in lungs, kidneys, and mesentery after sepsis in rats (Fig. 2, J, K, and L) .
Relationship Between LPS-Induced Increased Permeability of Pulmonary Vein VECs and Cx43 Expression
To further investigate the role of Cx43 in the regulation of vascular permeability, primary PVECs were used in this part. FITC-labeled factor VIII antibody and ZO-1 antibody were used to identify the PVECs. The results showed that the purity of VECs was Ͼ95% and that the intercellular gap was integral in the normal condition (Fig. 3, A and B) . After LPS (1 g/ml) stimulation, the VEC morphology and the intercellular gap structure appeared damaged in some content (Fig. 3B) . The rate of infiltration of FITC-labeled BSA through pulmonary vein monolayer VECs was gradually increased (Fig. 3C ) and the TER was gradually decreased after LPS stimulation (1 g/ml) (Fig. 3D) . The TER value of normal pulmonary vein monolayer VECs is ϳ50 ⍀. Meanwhile, the expressions of Cx43 mRNA and protein were significantly increased after LPS treatment (1 g/ml) (Fig. 3, E and F) . The infiltration rates of FITC-labeled BSA at different times were positively correlated with the increase in protein expression of Cx43 in PVECs after LPS treatment (r ϭ 0.914, P Ͻ 0.05), while the TER was negatively correlated with the increase in protein expression of Cx43 in VECs (r ϭ Ϫ0.979, P Ͻ 0.05).
Effects of Overexpressed Cx43 and RNAi Lentivirus on Permeability of Pulmonary Vein Monolayer VECs
Experiments involving transfection efficiency showed that Cx43-specific RNAi lentivirus significantly inhibited the ex- pression of Cx43 and that overexpressed lentivirus significantly increased the expression of Cx43 in PVECs (Fig. 4, A  and B) . Compared with the control group, LPS treatment (1 g/ml for 8 h) significantly increased the rate of infiltration of FITC-labeled BSA through PVECs and decreased TER. Cx43
RNAi abolished the LPS-induced increase in the rate of infiltration of FITC-labeled BSA and antagonized the LPS-induced decrease of TER in PVECs. Cx43 overexpressed lentivirus significantly increased the rate of infiltration of FITC-labeled BSA through the PVECs and decreased TER (Fig. 4, C and D) . 43 and Rock1 and changes in vascular permeability in lungs, kidneys, and mesentery in septic rats. A, D, and G: changes in vascular permeability in lungs, kidneys, and mesentery (n ϭ 8 rats/group). AU, arbitrary unit. B, E, and H: changes in expression of Cx43 in vascular tissues of lungs, kidneys, and mesentery measured by Western blot (n ϭ 8 rats/group). C, F, and I: changes in expression of Rock1 in vascular tissues of lungs, kidneys, and mesentery measured by Western blot (n ϭ 8 rats/group). J, K, and L: effect of carbenoxolone (CBX; 10 mg/kg, bolus intravenous injection after CLP) and Y-27632 (2 mg/kg, bolus intravenous injection after CLP) on vascular permeability of lungs, kidneys and mesentery in septic rats (n ϭ 8 rats/group). Data are means Ϯ SD. *P Ͻ 0.05; **P Ͻ 0.01 vs. Sham group; @@P Ͻ 0.01 vs. CLP-8h group.
The results suggest that Cx43 participates in the regulation of vascular permeability after LPS treatment. Inhibition of Cx43 expression decreased the LPS-induced increase in vascular permeability.
Effects of LPS and Cx43 on Level of Phosphorylation of MLC 20 and Formation of Stress Fibers in Pulmonary Vein VECs
To investigate the relationship of Cx43 regulation of vascular permeability to MLC 20 phosphorylation and stress fiber formation, we observed the effects of LPS and Cx43 overexpressed lentivirus and RNAi on the phosphorylation of MLC 20 and the formation of stress fibers with PVECs. LPS (1 g/ml) significantly increased MLC 20 phosphorylation in PVECs (Fig.  5A ). Similar to LPS, Cx43 overexpressed lentivirus significantly increased MLC 20 phosphorylation and induced the formation of stress fibers in PVECs, while Cx43 RNAi inhibited LPS-induced increase in MLC 20 phosphorylation and formation of stress fibers in PVECs (Fig. 5, B and C) . These results suggest that Cx43 regulation of vascular permeability is closely related to the phosphorylation of MLC 20 and the formation of stress fibers in VECs.
Relationship Between Cx43 Regulation of Permeability of Pulmonary Vein VECs and ROCK1 and PKC Signaling Pathways
To investigate the relationship of Cx43 regulation of permeability of PVECs to the Rock1 and PKC signaling pathways, we observed the effect of Rock1 and PKC antagonists Y-27632 and LY317615 on the infiltration rate of FITC-labeled BSA and TER in Cx43 overexpressed and RNAi lentivirus-transfected PVECs. The results showed that LPS and Cx43 overexpressed lentivirus significantly increased the rate of infiltration of FITC-labeled BSA through PVECs and decreased the TER in monolayer VECs. The Rock1 inhibitor Y-27632, but not the PKC inhibitor LY317615, significantly inhibited the LPS-induced increase in the rate of infiltration of FITC-labeled BSA and decreased TER (Fig. 6, A and B) . The results suggest that Cx43 regulation of the permeability of PVECs is mainly related to the Rock1 signaling pathway rather than the PKC signaling pathway. To further confirm whether Rock1 takes part in the Cx43 regulation of vascular permeability, we observed the effects of Cx43 overexpressed and RNAi lentivirus on the protein and mRNA expression of Rock1 in PVECs. Indeed, LPS and Cx43 overexpressed lentivirus significantly increased while Cx43 RNAi significantly decreased the expression of Rock1 in PVECs (Fig. 6, C-E) . Thus Cx43 regulation of vascular permeability is closely related to the Rock signaling pathway.
DISCUSSION
Vascular permeability includes trans-and paracellular pathways. The transcellular pathway involves the pinocytosis of VVOs and the formation of caveolae and fenestrae. The paracellular pathway is related to gap formation between neighboring cells, which is involved in the dysfunction of tight and adhesion junctions and stress fiber formation. (19, 25, 27, 39, 53) Many factors, including cytokines (TNF-␣, IL-1␤, and IL-6), inflammatory mediators (bradykinin, histamine, and thrombin), and growth factors (VEGF), increase vascular permeability via signaling pathways, such as the Ca 2ϩ /calmodulin, PKC, RhoA-Rock, and tyrosine protein kinase pathways. The present study showed that Cx43, one of the Cx proteins, takes part in the regulation of vascular permeability in septic rats. The mechanism is mainly related to activation of the Rock1-MLC 20 phosphorylation pathway, one of the important signaling pathways in the paracellular process leading to vascular permeability (56) .
The gap junction, a cell-to-cell junction structure, plays a very important role in cell communication, especially in the harmonizing response of the cardiovascular system (5). Cxs, the main components of gap junctions, are distributed in many tissues. There are 20 Cx isoforms in humans and 21 Cx isoforms in rats (58a). Cx37, Cx40, Cx43, Cx45, and Cx46 are the main Cxs in the cardiovascular system (23, 31) . It has been shown that the functional abnormalities of gap junctions are related to several cardiovascular diseases, such as atherosclerosis, hypertension, and arrhythmias (44, 37) . Angelillo-Scherrer et al. (5a) reported that deletion of Cx37 in mice shortened the bleeding time and increased thrombus propensity, thus providing a mechanism by which Cx37 limits thrombus propensity by downregulating platelet reactivity. Alonso et al. (4) showed that Cx43 is increased in renin-dependent hypertension via ANG II activation of extracellular signal-regulated kinase and NF-B pathways. Our previous study demonstrated that Cx43 takes part in the regulation of vascular contractile responses after shock and that Rock1 has an important mediating effect in this process (35, 66) . The present study showed that Cx43 takes part in the regulation of vascular permeability in vital organs, such as the lungs, kidneys, and mesentery during sepsis, and that Rock1-MLC 20 phosphorylation is the main signaling pathway in this process. This result suggests that gap junctions are also the main factor regulating vascular permeability after sepsis.
As mentioned above, vascular permeability includes transand paracellular pathways. The paracellular pathway is the main pathway by which fluids and constituents in the circulation are transferred to interstitial spaces (39, 55) . The paracellular pathway is mainly regulated by tight and adhesion junctions and cytoskeleton contraction (2) . As crucial cell-cell junctions, adhesion and tight junctions have vital roles in maintaining the barrier function of the vascular endothelium. Some cytokines and inflammatory mediators may increase vascular permeability via disruption of the adhesion and tight
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Veh control junctions. For example, VEGF can disturb the adhesion junctions, thus inducing vascular permeability by phosphorylation of VE-cadherin and ␤-catenin (40, 49) . VEGF can also disturb the tight junctions, inducing vascular permeability by binding VEGFR2 and via cGMP-PKG pathways (22) . NO can alter the adhesion junctions and induce vascular permeability via nitrosation of ␤-catenin (52). TNF-␣ increases vascular permeability mainly through disassembling ZO-1, thus affecting the tight junctions and inducing stress fiber formation to increase the cell-to-cell gap (58) . The present study showed that Cx43 could activate the Rock1-MLC 20 phosphorylation pathway in septic rats. MLC 20 is a prerequisite for cellular centripetal contraction and stress fiber formation in endothelial cells (56) . Cellular centripetal contraction and stress fiber formation may increase the cell-to-cell gap to interfere with the barrier function of the vascular endothelium. A recent study showed that activated RhoA/Rock signaling induces Cx43 degradation in high-glucose-treated glomerular mesangial cells. Increase in F-actin induced by RhoA/Rock signaling promotes the association between ZO-1 and Cx43, which possibly triggers Cx43 endocytosis (60) . This finding, in combination with our findings, suggests that mutual regulation exists between Cx43 and RhoA/Rock. The precise mechanism underlying the interaction, however, warrants further investigation.
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The transcellular pathway is involved in the formation of caveolae, VVOs, transendothelial channels, and fenestrae in VECs and is regulated by many factors. It has been demonstrated that VVOs provide the major route for leakage of macromolecules at sites of increased vascular permeability induced by VEGF (17) . The antisense of VEGF can inhibit tumor-induced tissue edema via suppression of VVO formation (34) . The mechanism is related to downregulation of the expression of plasmalemmal vesicles (PV1s), an essential component of stomatal and fenestral diaphragms (52a). Studies have shown that ␤-Pix-bL, an isoform of ␤-Pix that is a newly identified p21-activated kinase (PAK)-interacting exchange factor (PIX), can induce pinocytosis through a cooperative action involving the calponin homology (CH) and Dbl homology (DH) domains (31a). Using monolayer sinusoidal endothelial cells, Yoshimurab et al. (64) observed the effects of the Rho stimulator lysophosphatidic acid and the Rho inhibitor bacterial toxin C3 transferase on the morphology of sinusoidal endothelial fenestrae and found that RhoA may modulate the fenestral changes via regulation of the actin cytoskeleton. Whether Cx43 regulates the vascular permeability after sepsis via the transcellular pathway is not clear; this needs further investigation. We used CLP-induced intra-abdominal sepsis to mimic sepsis in vivo (42) . LPS can also mimic endotoxic shock and endotoxemia (11, 43) ; however, LPS is only a constituent of bacterial cell walls. The inflammation caused by LPS-induced sepsis is less severe than inflammation that occurs in septic humans (41) . Thus we used CLP-induced sepsis in the present study. We found that CLP-induced sepsis could be achieved in 80% of rats, thus demonstrating good stability and reproducibility. The degree of sepsis could be controlled by a fixed length of cecal ligation and the size of the puncture hole. CLP-induced sepsis has been used widely by many researchers (8, 12, 15) . Because the primary VECs directly obtained from CLP-induced septic rats could not be cultured, to investigate in depth the underlying mechanism by which Cx43 regulates vascular permeability, LPS-treated PVECs from normal rats were used in in vitro experiments in the present study. Our study and the studies of others have demonstrated that the biological traits of LPS-treated VECs and VECs from CLP animals are similar (47, 61) . The VECs obtained directly from CLP animals are expected to be used in in vitro studies in the future.
Conclusions
We demonstrated that Cx43 participates in the regulation of vascular permeability during sepsis and that the effect of Cx43 is mainly mediated via the Rock1-MLC 20 phosphorylation pathway, one of the main signaling pathways for vascular permeability (paracellular path) (Fig. 7) . Whether or not this effect of Cx43 on vascular permeability is related to the 
